Central and peripheral visual timctions were measured simultaneously in 39 infants from 10 to 39 weeks old using a dual-frequency VEP technique. Central acuity and contrast sensitivity over a 4 deg circular field were measured at 6 or 8 Hz. Peripheral acuity and contrast sensitivity were measured simultaneously at the other rate with a semi-circular stimulus extending from 8 to 16 deg. The EEG was analyzed at 12 and 16 Hz to determine the separate responses for the central and peripheral fields.
INTRODUCTION
Visual acuity and contrast sensitivityof the human infant have been studied many times in the last three decades in order to determine the absolute visual resolution and sensitivityof the immature human visual system and the time-course of its development. Studies using three different techniques, visual evoked potentials (Atkinson et al., 1974; Marg et al., 1976; Norcia et al., 1986; Norcia et al., 1990) , preferential looking (Teller et al., 1974; Atkinson et al., 1977; Banks & Salapatek, 1978; Gwiazda et al., 1978; Allen, 1979; Atkinson et al., 1982) and optokinetic nystagmus (German et al., 1957; Fantz et al., 1962; Dayton et al., 1964) , have shown that visual acuity and contrast sensitivityare poor in the neonate and improve during the first year of life. Some have attributed the poor acuity and sensitivity to immaturity of the central retina in the neonate (Brown et al., 1987; Banks & Bennett, 1988; Wilson, 1988) . If this were the case, peripheral vision might play a more important role until the time that the foveal region developed to the same functional level as the periphery.
The idea that peripheral vision may be as good as central vision is supportedby a recent study of the infant macaque monkey. Kiorpes and Kiper (1996) studied the variation of contrast sensitivity across the visual field during development. They found an overall rapid increase in sensitivity to contrast between 10 and 20 weeks, followedby a continuedgradual improvement in sensitivity at high spatial frequencies to at least 40 weeks. They found no apparent superiority of central visual acuity or contrast sensitivity over the near periphery in the youngest animals tested. The central 12 deg showed the greatest degree of change, implying that contrast sensitivity in the peripheral visual field is relatively more mature with respect to the central visual fieldof the infant.Thus, peripheralvision maybe as acute as central vision in the youngest macaques. However, several studies of visual function in human infants suggestthat vision may be best in the fovea at all ages. Spinelliet al., (1983) varied the size of the test field in an evoked potentialstudy of responseamplitude.They concludedthat by 3 monthsof age acuity was highestin a small (2 deg) retinal area. This result implies that the central retina containsthe area which limitsvisual acuity, even if visual acuity is immature compared to adult values.
In two behavioralstudies of visual acuity (Sireteanu et al., 1984; Sireteanuet al., 1994) ,the authorssuggestthat infants' resolution is higher in the central than in the peripheral field. In these studies peripheral acuity was based on the infant's first saccade from a fixation stimulus toward a grating presented at either 10 or
Configurationof the visual stimulus. Three monitorsused in the experimentare representedby the dotted outlines. The upper monitor was masked so that a vertical grating was presented throughan aperture subtending4 deg of visual angle. The lower two monitors were electronically synchronizedso that for any instant of time the stimuli on both monitors were identical. These two monitors were masked so that a vertical grating was presented in the lower visual field. This peripheral stimulusconsistedof approximatelyone half of an amrulus,the inner edge of which subtendedan angle of 8 deg from the center of the upper monitor while the outer edge subtended an angle of 16 deg from the center of the upper monitor.
20 deg in the peripheral field. Central acuity was determined under free-viewing conditions using forcedchoice preferential looking.In these studiesfree-viewing conditions may bias the results toward better acuities because the infant's looking behavior is based on multiple samples of the stimulus. It is well known that infants' acuity estimated with VEPS is higher than that determined behaviorally (for a review see Dobson & Teller, 1978) . It is possible that a central/peripheral acuity comparison of infants' acuities estimatedwith VEPSmight differ from those obtainedby behavioral techniques. We therefore designed a study to compare directly the developmental sequence of central and peripheral acuity and contrast sensitivity within the first year of life. A major difficultyin a study of this type is controlling the position of the visual stimulus on the infant's retina. To overcome this problem we presented two visual displaysto the infant simultaneously.One was a 4 deg circular field containing a vertical sinusoidal grating. The other was a pair of annular sectors, also containing a vertical grating, extending from 8 to 16 deg radius in the lower peripheral visual field. While the infant's attention was attracted to the center of the 4 deg field, acuity or contrast sensitivity for both displayswas determined simultaneouslyby a dual-frequency modification of the sweep VEP method (Tyler et al., 1979; .This design ensuresthat the two visual targetsare separatedby a fixed distance on the retina. In a control experiment we show that when an infant's attention is directed to a spot between the two displays,the signalfrom the 4 deg target decreases and the signal from the peripheral target increases. The control experiment indicates that we can reliably monitor the infant's fixation well enough to ensure we have measured responsesfrom the central and peripheral visual fields.
METHODS

Display
The stimuli for these experiments were displayed simultaneously on a set of three video monitors. The configuration of vertical sine-wave luminance gratings presented is shown in Fig. 1 . The dashed rectangles indicate the physical placement of the monitor screens behind the apertures. The upper monitor was an Electrohome 9 in. and the lower two were Electrohome 23 in. monitors, models EVM919 and EVM2319, respectively. All monitors had P4 phosphors. A large white mask was positionedin front of the displaysso that only the areas in the figure containing the vertical gratings were visible to the observers. The stimulus consisted of a central circular region with a radius of 2 deg (at the viewing distance of 165 cm), and a peripheralregion consistingof two sectors of an annulus with inner and outer radii of 8 and 16 deg. All dimensions are depicted to scale in Fig. 1 . The peripheral stimuli subtendedan area approximately12 times larger than the central stimulus. The annular sectors were set in the lower visual field to stimulatean area of the visual cortex which would produce a maximum response from electrodes above the inion. The two large monitors for the peripheral sectorswere synchronized,so as to present the same spatial pattern and temporal modulationsignal. The mean luminance of each display monitor was 80 cd/m2. The display was carefully adjusted so as not to produce changes in mean luminance (flicker) correlated with pattern reversal.The experimentswere conductedin an otherwise dark room in order to decrease peripheral distractionsfor the infant subjects.
Dual-frequencystimulation and analysis technique
This experimentinvolvesa variationof the sweep-VEP techniquewhich has been described previously (Tyler et al., 1979; . A stimulus parameter, e.g. spatial frequency or contrast, is changed at a regular rate during the 10 sec trial period. The evoked response is determined as a function of the change in the stimulus. This techniquewas enhanced for the present experiment by stimulating and recording simultaneously at two temporal frequencies. One frequency was presented on the central monitor and the other frequency was presented on the yoked peripheral monitors.The responsecharacteristicsfor the two regions were segregated by performing a discrete Fourier analysis at the second harmonics of the same two frequencies. This technique allows one to differentiate between the brain responsesfrom macular and peripheral stimulusregionssince the responsesare resolvableby the spectrum analysis. The advantage of this simultaneous recording method is that observer state changes, such as attention level, should affect the response at both frequencies similarly, allowing a more accurate assessment of the relation between the two stimulus regions.
For the visual acuity measures, the spatial frequencies of the central and peripheral stimuli always differed by a 4 : 1 ratio. For the oldest infantstested, the central region swept from 1.6 to 37 c/deg while the periphery simultaneouslyswept from 0.4 to 9.2 c/deg. For younger infants, the highest spatial frequency in the sweep range displayedon the central monitorwas reducedto 24, 16 or 10 cldeg. This reduction in the sweep range ensured that sufficient resolution was available for an accurate estimation of the lower visual acuities of these younger infants.It has been previouslyshown (Norciaet al., 1989) that the estimated threshold is negligibly affected by the sweep range, as long as the range is sufficientto allow the response to fall to the noise level within that range. The same study showed that extrapolationof sweep signalsto OmV introduces negligible bias in the threshold estimates, so such estimates are independent of noise level as long as the signal has a criterion strength above the noise level. Acuities were only estimated if this criterion was met. The central/peripheral ratio was reduced slightly for the measures of contrast sensitivity.
In order to compensate for the reduced peripheral resolution, the spatial frequency of the central stimulus was 1.6 c/deg while that of the peripheral region was 0.6 c/deg for all measures. This difference was designed to ensurethat the stimuluswas in the range of comparable contrastsensitivityfor both retinalregionsthroughoutthe tested age range (see Norcia et al., 1990) .
Subjects
Thirty-nine normal infants ranging in age from 8 to 39 weeks were recruited.All were born within t 14 days of their due date by parents' report. All parents provided informed consent for the infant subjects to participate in the study. Infants with strabismus or ocular pathology were excluded. Five adults, ranging in age from 31 to 44 yr and correctable to emmetropia,were also tested.
Experimentalprocedure
Infantswere seated comfortablyin their parent's Iap at a viewing distanceof 165 cm from the display.The infant wore a headband on which Grass gold cup electrodes were attached with Velcro. Grass EC-2 recording cream was used to ensure a good electrical connection to the scalp.An orthogonalpair of bipolar electrodeplacements were used. The reference electrode was placed 1 cm above the inion.One active electrodewas 3 cm above the reference and the other was 3 cm to the right of the reference. A ground electrode was attached to the headband 3 cm to the left of the reference.
Fixation control
The infant's attention was attracted by a small bell or toy that was dangled in the center of the 4 deg display throughout each 10 sec recording period. The experimenter judged whether the infant was fixating the toy: eye position shifts were noted, along with gross motor activity. Recording occurred only when the infant was judged to be fixatingthe toy.
For the control experiment a small self-luminoustoy was placed midwaybetween the two displays,5 deg from the center of the central target, at the point marked by the O in Fig. 1 . Again, recording occurred only when the infant was judged to be fixating the toy.
Noise estimation
A key feature of our on-line analysis is the continuous estimationof backgroundnoise level during recording.In the past, we have derived this estimate from an independent frequency 2 Hz higher than the analysis frequency . This approach relies on the assumptionthat the EEG spectrumis locally flat in the region of the recording frequency. In infants, however,there is a tendency for the spectrumto decrease above about 10 Hz, so that the assumption may not be fully warranted, and there may be some tendency to underestimatethe background noise level.
We have therefore modifiedthe analysis to utilize two noise frequencies spaced equally above and below the analysisfrequency (AUenet al., 1993; Tyler, 1993) .The average of these two will eliminate the effect of any gradient in the noise profile, eliminating the original concern. However, the new dual-noise approach still makes the assumption that the second derivative of the noise profile is locally zero. This assumptionwould not be valid in the presence of a narrowly tuned peak like the alpha band with eyes closed, which has a large second derivative.But first-derivativegradientsshouldno longer bias the noise estimate.
RESULTS
Adult temporal tuning
In a technique that uses temporal frequency as a partitioning variable, it is important to establish the robustnessof the techniquewith respect to the following potential problems: i) the temporal frequencies may stimulate different temporal mechanisms with different acuities, thereby producing spurious differences between the responses which would not reflect differences between the underlying visual acuities at central and peripheral loci;
ii) the response properties might differ between fovea and periphery as a function of temporal frequency; iii) there might be an interaction between temporal frequency and electrode location.
We therefore measured the variation of the main variable of interest, the visual acuity estimate, as a function of temporal frequency in five adults to see whether there were any systematic variations over the measurement range and to determine the individual variability of the acuity estimates across temporal frequency. Temporal frequencies ranging from 2 to 20 Hz were used. One modulationfrequency was chosen for the central stimulus and randomly paired with a second frequency for the peripheral stimulus. After acuities were determined for this pair, the frequencies were reversed such that the frequency of the central stimulus was then used for the peripheral stimulus and vice-versa. Following this reversal, a new frequencywas chosen for the central stimulus and again randomly paired with a new frequency for the periphery. Testing continued in this fashion until acuity was determined for ten temporal frequencies with both the central and the peripheral stimuli. The results of this experiment are shown in Fig. 2 . The average acuities for five adults are plotted as a function of temporal frequency. The estimated acuities are similar within measurement error for each temporal frequency tested. Interestingly,acuity measured over this range of temporal frequencies does not show significanttemporal tuning. Therefore, there is no evidencethat the specifictemporalfrequencieschosen for this experiment should bias the outcome as long as frequencies within this range are used. 
Infant acuities
We chose temporal frequencies of 6 and 8 Hz with which to measure infants' acuities for several reasons. The adult control study showed no difference between acuities for stimuli reversing at these temporal frequencies. Previous work has shown that infants provide reasonable VEP signals at these frequencies. Finally, if temporal tuning does exist for infants' acuities,the effect would be minimal for closely spaced temporal frequencies.
With every infant subject we attempted to record four swept-parameter trials for each of six conditions: (1) acuity with a 6 Hz central stimulus and an 8 Hz peripheral stimulus; (2) acuity with an 8 Hz central stimulus and a 6 Hz peripheral stimulus; (3, 4) contrast sensitivityfor these same temporal frequency configurationsusing al.6 c/deg gratingfor the central stimulusand a 0.6 c/deg @ating for the peripheral stimulus; (5, 6) a fixationcontrdlparadigmwhere acuity was measured for these same temporal frequency configurationswhile the infant's fixation was directed midway between the stimuli.These conditionswere tested in a pseudo-random order for each infant. We were unable to record all six conditions for every infant tested due to a lack of cooperation by some of the subjects. Of the 39 infants tested, 17 infants provided foveal and peripheral acuity estimates for both 6 and 8 Hz targets. This group was subdividedby age into four groups of 4+ 1 infants and the mean acuities for each of the four conditions are plotted in Fig. 3 along with the mean acuities of the five adults tested. This figure makes it clear that there is no systematic effect of temporal frequency at either retinal locus.
In order to determine whether the estimates of acuity were influencedby the temporalfrequencyof the stimuli, an analysis of variance was calculated separately for the central and peripheral data. This analysis showed a main effect of age on acuity but no effect of temporal frequency either for the central field (F= 0.778, P = 0.3198) or the peripheral field (F= 1.991, P =0.1186).Thus, as with adults,the temporalfrequency of the stimuli used has no significant effect on the estimates of acuity. An additional 12 infants provided at least one acuity estimate for the central and one for the peripheral field. Because temporal frequency did not influencethe visual acuities measured in those infants who completed both conditions, the data from these 12 infants were pooled with the data from the 17 infantswho providedtwo acuity measures for each target position. The VEP acuities for these 29 infants are plotted as a function of age in Fig. 4 . For conditionswhere we obtained an acuity estimate at both 6 and 8 Hz, the geometricmean of the two acuitiesis plotted. Central acuities are represented by H and peripheral acuities are represented by u . This graph shows that a clear developmental trend of increasing acuity with age occurs for the central field. Visual acuity of the peripheral field improves as well over this age range. Moreover,for each infant in this group, acuity for the central visual stimulus was always higher than peripheral acuity. In Fig. 5 , the acuitiesfor these 29 infantswere grouped by age into five groups. For infants who provided an acuity estimate at both temporal frequencies, one acuity measure for the central field and one for the periphery were chosen at random from those available at either frequency.The mean acuitiesobtainedfor the central and peripheral fields are plotted in Fig. 5 as a function of the age of the infant. An analysisof variance reveals a main effect of age (F= 19.351,P =0.0001) , a main effect of acuity (F = 217.712, P = 0.0001) and a significant interaction (F = 9.699, P = 0.0001). Thus, central and peripheralacuity developat differentrates. A progressive regression analysis of the acuity data showed that peripheral acuity reaches adult levels by 26 weeks. For this analysis,the data were binned firstby groupingthe 3 points furthest to the right for either central or peripheral acuity,then by groupingthe 4 pointsfurthest to the right, then 5 points and so on. Each data bin was then fit using simple linear regression. The slope of the liue fit to the peripheral data from 26 weeks onward was not significantly differentfrom O(95?4confidenceinterval) . If data points at ages less than 26 weeks are included in the linear regression, the slope of such a line becomes significantly different from O. The central acuity data show no evidence of reaching an asymptote up to 33 weeks.
Infant contrast sensitiviS
ixteen of the infants also provided sweep VEP estimates of contrast sensitivity. Assuming that there was no difference in sensitivity for the temporal frequenciestested, we collapsed the data across temporal frequency.The data were then subdividedby age and the average sensitivities for each age group computed for both the central and the peripheral fields. These average sensitivitiesare plotted in Fig. 6 , along with the average sensitivitiesfor the five adults. Contrastsensitivityto the peripheral 0.6 c/deg grating developed rapidly at the earliest ages tested and showed a more gradual improvement after about 16 weeks. Contrast sensitivity for the 1.6 c/deg grating followed a similar time course, although the initial sensitivity rise was not as great on average. There was no significant difference in the contrast sensitivity for the two retinal locations at any age.
Fixation control experiment
These estimates of acuity and contrast sensitivity for both the central and peripheral visual fields were measured simultaneously. This procedure eliminates confounding factors such as state of arousal, attention level and motivation to attend to the stimulus, which could account for acuity differences between measurements in other studies. One may still question the ability of the experimenter to ensure that the infant adequately fixates the central stimulus during VEP recording. In order to test this, we performed a control experiment in which we recorded VEPS to gratings swept in spatial frequency while the infant's fixation was attracted to a small, self-luminoustoy centeredbetween the boundaries of the two stimuli (0 at center right in Fig. 1) . By directing the infant's attention away from the central stimulus and toward the peripheral stimulus, the cortical magnification factor predicts that the signal for the central target would decrease because the foveal projection is now understimulated, while the signal for the peripheral target would simultaneouslyincrease because it is now projected to more central retina. That this effect was obtained is shown in Fig. 7 for the 13 infants who completedthe control conditionsfor which they also had a central or peripheral acuity estimate at the same temporalfrequency.The signal : noise ratio decreased by a factor of 3.2 on average for all infants between the fovea and the foveal control condition, while the signal : noise ratio increased by a factor of 2.3 on average for the periphery. Since there is no reason to expect the noise level to vary with fixationposition,these findings demonstrate that the experimenter was able reIiably to control the infant's fixation and indicate that the measured responses in the main experiment were indeed from the central and peripheral visual fields.
Periphery
Periphery control FIGURE 7. Chamzesin the sismal: noise ratio with fixation locus for 13 infants. Lines connect the data for individuals who provided acuity e~imates in a-control condition for a temporalconfiguration in which they also provided an acuity estimate while fixating the central stimulus. Central signal : noise decreased by about 3.2 on average when the infant's attention was directed away from the central stimulus while peripheral signal: noise ratios increased by 2.3 on average.
DISCUSSION
The central visual acuity of the human infant as measured by the VEP is relatively poor at birth and gradually improves during the first year of life. This development has been well-documentedmany times in the past and is replicated in the current study. The main new finding is that visual acuity in the infant's peripheral visual field shows evidence of development as well when measured with VEPS. The development trends are similar for the central and peripheral fields measured in this study, but there are small, significantdifferences between the two. Althoughthe neonatalcentral retina is anatomicallymore immature than the peripheral retina, better acuity occurs for the central field at all ages. No single infant in this study had a higher acuity in the peripheral field than in the central field. For the conditions and ages we measured, central acuity was higher by a factor of 2.3 on average. This difference is less than the average differenceof 3.6 we measuredfor adults.Thus, the neural mechanisms that account for visual acuity in the peripheralfield must develop as well, but appear to reach maturity sooner. This result does not necessarily imply that the development of the periphery is faster, but indicates that the periphery is relatively more mature at birth.
Fixation locus
The resultsof this study supportthe notionthat the area of highestacuity is includedwithin a 4 deg area of central retina (Spinelli et al., 1983) . However, this study cannot answer the question, 'With what area of the retina does the infant fixate?'. It is possible that, even though the fovea is the least developed portion of the retina at birth, it represents the area of highest acuity and therefore the area of central fixation. However, the area of highest acuity may be the foveal slope, as suggestedby the ideal observer analysis of Banks and Bennett (1988) , or even some adjacent area. It is also possible that the infant might fixate with a fovea that is not the area of highest acuity.This strategywould be akin to an adult attempting to fixate a dim star under scotopic conditions. Even though foveating the target makes it disappear, one reflexivelyattemptsto view the star by aligningit directly with the line of sight. Further study is needed to answer the question of whether the infant fixateswith the fovea from birth or uses some adjacent retinal area that has better resolution. Sireteanu et al. (1984 Sireteanu et al. ( , 1994 made behavioral measurementsof central and peripheral acuity in infants. A direct comparisonbetween their acuityvalues and ours is not possible because of differences in methods and stimuli used. However, the studies agree that central acuity is always better than peripheralacuity and appears to develop over a longer time course. Spinelli et al. (1983) reached a similar conclusion. They showed that the amplitudeof the VEP responsedid not change in a 10-13-week-old infant as the size of the Age (weeks)
Comparisonwith other studies
FIGURE8. The solid line represents the average central VEP acuities of 197 infants from . Vertical lines represent 1 SD for groups of infant who have been binned in 1 month age groups.The central VEP acuities of 35 infants in our study are shown as solid symbols.A close agreementbetween the two studies is readily apparent.
target was increased from 2 to 14 deg on the retina. This suggests that the highest acuity is found in the central 2 deg, even though that area of the retina is relatively immature. Our resultsagreewith previousstudiesin which central VEP acuitywas measured Hamer et al., 1989; Norcia et al., 1990) . determinedthe central VEP acuity in 197 infantsranging in age from 1 to 57 weeks. A singlestimulusfrequencyof 6 Hz was used. The mean acuities are represented in Fig.  8 as a single horizontalline. Vertical lines represent t 1 SD of the mean for groups of infants who have been binned in 1 month age groups. Of the 39 infants in our study, 10 provided central acuity estimates for a 6 Hz stimulus, six provided acuities for an 8 Hz stimulus and 19 provided acuities for both stimuli. All of the central acuity estimatesfor these 35 infants are plotted in Fig. 8 . The close agreement between the two studies is readily apparent.
Our results for contrast sensitivity development also confirmthe findingsof Norcia et al. (1990) for moderate spatial frequencies,which show an early period of rapid developmentof contrast sensitivityfollowed by a second longer period of slow development. In that study development of contrast sensitivity for very low spatial frequencieswas complete by 10 weeks, but for frequencies comparable to those in the present study, the inflection point occurred at about 16 weeks. It appears that the increase in sensitivity to the lower spatial frequency peripheral stimulus in Fig. 5 is slightly more rapid than the higher spatial frequency central stimulus, although variability of the data may preclude forming such a conclusion. There were no consistent central/ peripheral differences across individual infants or in the group data for the present study.It is importantto rule out simple stimulus differences as a source of the central/ peripheral difference. It is possible that the more rapid development of the peripheral field may be due to the lower spatial frequency used for the peripheral stimulus. The present study cannot answer this question.
Absolute contrast sensitivities in our study are lower than those of Norcia et al. (1990) by about one-thirdof a log unit on average. This difference in overall sensitivity may be accounted for by differences in the stimulus parameters. In particular, the mean luminance of the stimulus in the Norcia et al. (1990) study was 220 cd/m2 compared to 80 cd/m2in our study, which would predict a degradation of 0.22 log units both in terms of a theoretical quantum efficiency prediction and on the basis of empirical measurements of infant acuity with luminance (Allen et al., 1992) .
Mechanisms of acuity and contrast sensitivip development
During the first year of life the length of foveal outer segments increases as the diameter of inner segments decreases (Abramov et al., 1982; Hendrickson & Youdelis, 1984) ,leading to an improvementof the foveal photoreceptor'squantum efficiency. Such an increase in quantum efficiency predicts an improvement in both visual acuity and contrast sensitivity (Banks & Bennett, 1988; Wilson, 1988) . The peripheral retina is relatively mature at birth compared to the fovea. However, morphological development occurs for both the parafoveal and mid-peripheralregions (Hendrickson& Drucker, 1992 ).In the parafovealregion at birth, cone inner and outer segments are only 30-50% of adult length. In the mid-periphery, cone inner segments are only slightly longer than those found in the parafovea. Mid-peripheral cone outer segments are 50% longer than in the parafoveal retina, although still not adult-like. Thus, the general pattern of photoreceptor development, with the peripheral retina maturing sooner than the central retina, follows the same sequence that we find for visual acuity. Thus, the differential maturation of retinal mechanisms may play a role in the differential developmentof acuity and contrast sensitivity across the visual field.
